Introduction
============

Cancer, as one of the deadliest diseases, has resulted in growing mortality in recent decades [@B1]. Conventional cancer therapy such as chemotherapy [@B2] or radiotherapy [@B3] alone is not effective in eliminating the tumors. Therefore, synergistic therapy is commonly used for enhancing the efficacy of cancer treatment [@B4], [@B5]. Recently, versatile modalities of synergistic therapy have shown success in treating several advanced cancers [@B6]-[@B8]. Nevertheless, there are still some formidable challenges for synergistic cancer therapy and its clinical efficacy. First, although the efficacy of synergistic therapy is significant, it is hard to suppress the tumor recurrence due to the existing residual tumor cells [@B9]. Second, the limitation of synergistic therapy to eliminate the deep-seated tumor cells inevitably leads to tumor recurrence and metastasis [@B10]. And third, the localized hyperthermia and reactive oxygen species (ROS) damage to the normal tissues and immune system instigate negative interactions among different therapeutic modalities [@B11]. Given the limitations with synergistic therapy, it is urgently desirable to develop a novel therapeutic strategy for hierarchical drug release combining localized and systematic therapies, a deep penetration into the tumors, and nontoxicity to the immune system and normal tissues.

In the past several years, drug delivery systems based on nanotechnology have been actively explored for their efficiency in cancer diagnosis and treatment [@B12]. In this respect, the biomimetic vesicle (BVs)-based drug carriers have attracted much attention due to their biocompatibility, degradable soft template, controllable drug release *via* temperature-responsive phase transformation, and manageable size distribution [@B13]. These drug carriers could enhance the delivery of chemotherapeutic drugs such as paclitaxel (PTX), the first-line drug for efficient tumor eradication by inhibiting the disassembly of intracellular polymeric microtubules [@B14]. Furthermore, low dose PTX has been shown to be an immunologic adjuvant stimulating the immune system to eliminate residual tumors [@B15]. Thus, PTX has been widely applied in chemo and immunotherapy [@B16], [@B17].

Because of the differential thermal tolerance of tumor versus normal cells, photothermal therapy (PTT) as a noninvasive therapeutic modality leads to DNA damage and protein denaturation in tumors [@B18]. Furthermore, the combination of photothermal agents and drug carriers can promote controllable drug release and delivery. In this respect, due to their optical property of surface plasmon resonance (SPR) [@B19]-[@B22], gold nanomaterials have stimulated efforts in photothermal tumor therapy [@B23]. Given the deep tissue penetration of the near-infrared (NIR) laser resulting in minimal damage to the surrounding tissues [@B24], gold nanomaterials, which can achieve the redshift of SPR peak to the NIR region, have been designed and extensively applied in localized and precise photothermal therapy. However, low concentration of gold needs stronger exposure of laser, which poses the potential risk of damaging the surrounding tissues. The high concentration of gold nanomaterials needed for therapeutic efficacy, on the other hand, is a serious drawback because of the toxicity to normal tissues [@B25]. To address these issues, polydopamine (PDA), which has excellent biocompatibility and adhesion, was used to coat the gold nanomaterials to augment their biosafety [@B26]. Furthermore, inspired by its stimuli-responsive drug release in hyperthermal or acidic condition [@B27], PDA was capitalized as a responsive drug carrier [@B28]. Also, since PDA is absorptive in the NIR region, it is considered to be a potential PTT agent as well [@B29]. Thus, we utilized the advantages of PDA to reduce the cytotoxicity of high concentration of gold and photodamage of the high-power laser.

Herein, we designed an emerging nanoplatform based on hierarchical drug release for deep localized (PTT) and systematic (chemo and immune responses) cascade cancer therapy. During the water-oil self-assembly, PTX biomimetic vesicles (BV/PTX) were formed and modified by branched gold nanoshells (BV/PTX\@Au) *via* seeded growth. Thereafter, the BV/PTX\@Au were coated with doxorubicin (DOX)-loaded PDA to form the final drug delivery system (BV/PTX\@Au\@PDA/DOX). Because of the acidic environment of the lysosomes, when the BV/PTX\@Au\@PDA/DOX reached the tumor cells, PDA released the DOX in the first-step chemotherapy. Subsequently, under the 808 nm laser irradiation, the branched gold nanoshells and PDA converted the light to heat to achieve second-step photothermal therapy. Finally, with the rising temperature, the branched gold nanoshells and biomimetic vesicles collapsed and released the PTX to complete the third-step of chemotherapy and immune responses (**Scheme [1](#SC1){ref-type="fig"}**). The BV/PTX\@Au\@PDA/DOX could drastically destroy the residual tumor cells and efficiently prevent localized tumor recurrence. We further studied the underlying mechanism of the immune responses triggered by PTX. We believe that our work provides a promising therapeutic strategy, which is different from conventional synergistic therapy and represents a significant development in the field of oncology.

Methods
=======

Synthesis of BV/PTX\@Au\@PDA/DOX
--------------------------------

Paclitaxel, soya lecithin, and cholesterol were added into ethanol solution. Polyethylene glycol-2000 was solubilized in phosphate buffered saline (PBS). Subsequently, the lipid phase was mixed with the water phase to form BV/PTX. Glutathione (GSH) (0.5 mg/mL) was then added to BV/PTX and stirred for 4 hours. Subsequently, BV/PTX\@AuNPs were synthesized by adding Au seeds to the prepared BV/PTX. Finally, AuCl~3~ (2 mM) and NH~2~OH·HCl (100 mM) were mixed into the BV/PTX\@AuNPs solution. After stirring for 6 h, 300 µL of 4 mM AuCl~3~ and 50 µL of NH~2~OH·HCl (150 mM) were added to prepare the BV/PTX\@Au. PDA was prepared by stirring 0.5 mg·mL^-1^ dopamine (DA) in Tri-HCl buffer (pH 7.4) for 2 h, centrifuging and collecting the supernatant. Subsequently, 0.1 mg·mL^-1^ DOX was added dropwise into the PDA solution to obtain the DOX-loaded PDA (PDA/DOX). Finally, the PDA/DOX was added to the BV/PTX\@Au solution and incubated for 6 h to obtain BV/PTX\@Au\@PDA/DOX, which was stored at 4![](thnov09p2897i001.jpg) for further characterization.

Drug release and photothermal effect
------------------------------------

The DOX release under different pH values and PTX release from BV/PTX\@Au\@PDA/DOX with irradiation were investigated using the dialysis method. At 2^nd^ and 4^th^ h, the solutions were irradiated by 808 nm laser (1.5 W/cm^2^, 5 min).

To evaluate the photothermal performance of the prepared samples 0.5 mL of BV/PTX\@Au\@PDA/DOX and control samples (BV/PTX, BV/PTX\@AuNPs and BV/PTX\@Au) were exposed to 808 nm laser, and the temperature of the solutions was measured every 30 s. The photothermal conversion efficiency (![](thnov09p2897i002.jpg)) [@B30] of BV/PTX\@Au\@PDA/DOX was calculated by:

Where ![](thnov09p2897i004.jpg) was the conversion efficiency from an 808 nm laser energy to thermal energy, h was the heat transfer coefficient of BV/PTX\@Au\@PDA/DOX, A was the area cross section of irradiation, T~max~ was the steady-state maximum temperature change, Q~s~ was the heat associated with the light absorbance of the solvent measured using solvent without Au\@PDA/DOX, I was the incident laser power, and ![](thnov09p2897i005.jpg) was the absorbance of BV/PTX\@Au\@PDA/DOX at 808 nm. In this equation, the value of hA was unknown for calculation. To get hA, the variable θ was introduced:

Where T was the solution temperature, T~amb~ was the ambient room temperature. The value of hA could be derived from the following:

Where m and c~p~ were the mass and heat capacity of water, respectively. During the cooling process, the thermal time constant τ could be calculated as follows:

The photothermal conversion efficiency could be calculated when the thermal time constant τ was obtained.

Cellular uptake and cytotoxicity *in vitro*
-------------------------------------------

The antitumor effect of all formulations *in vitro* was studied by HeLa cells using the MTT assay. The cells were cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C containing 5% CO~2~. HeLa cells were cultured in a 6-well plate for 24 hours, BV/Cour6\@Au\@PDA/DOX was added to the plate with DOX concentration of 10 ![](thnov09p2897i009.jpg)g/mL. The cells were then washed with cold PBS three times and fixed with 4% paraformaldehyde for 10 min. Finally, the cells were observed under an inverted fluorescence microscope. Hela cells were also seeded in 96-well plates at a density of 5.0 ×10^4^ cells per well and cultured for 24 hours. The cells were incubated with fresh cell medium containing prepared nanomedicine with different concentrations of PTX (2.5 to 20 ![](thnov09p2897i010.jpg)g/mL) and DOX (1.25 to 10 ![](thnov09p2897i011.jpg)g/mL) for 24 hours. For the study of tumor inhibition, the BV\@Au\@PDA/DOX and BV/PTX\@Au\@PDA/DOX were laser irradiated and then removed from the 96-well plates and fresh culture medium was added for continuous proliferation. The cell viability was analyzed by the MTT assay at 12, 24, 36, and 48 hours.

Cascade tumor therapy and biodistribution study *in vivo*
---------------------------------------------------------

Kunming mice were inoculated subcutaneously with the mouse cervical cancer cells U14 in the right armpit. U14 cells were purchased from the Chinese Academy of Medical Sciences Tumor Cell Bank (Beijing, China). The mice were injected with 200 ![](thnov09p2897i012.jpg)L of the following formulations by tail intravenous: 1: Saline, 2: BV/PTX, 3: BV/PTX\@Au, 4: BV/PTX\@Au with laser irradiation, 5: BV\@Au\@PDA/DOX, 6: BV\@Au\@PDA/DOX with laser irradiation, 7: BV/PTX\@Au\@PDA/DOX, and 8: BV/PTX\@Au\@PDA/DOX with laser irradiation. The injected Au concentration in the mouse (group 3 to 8) was 44![](thnov09p2897i013.jpg)g/mL. During the cascade therapy, the tumor sizes and body weights were measured every other day. Tumor volumes (V) were measured as [@B31]:

Relative tumor volume was computed as:
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After different time points (8 hours, 24 hours and 10 days), the animals were sacrificed and the major organs (heart, liver, spleen, lung, and kidney) and tumors were removed, washed, weighed, and freeze-dried. The tissue debris was removed by centrifugation at 8000 rpm for 10 min. After dilution, the Au contents were measured by ICP-MS.

Biosafety study and histology analysis *in vivo*
------------------------------------------------

The relative liver and kidney functional factors were tested using sera of the mice by enzyme-linked immune sorbent assay (ELISA), including alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), alkaline phosphatase (ALP), albumin (ALB) and total protein (TP). The tumor and the main organs of mice were examined by histological analysis (H&E staining). To study the tumor recurrence after treatment, two groups of 12 mice treated with BV\@Au\@PDA/DOX or BV/PTX\@Au\@PDA/DOX with laser irradiation were observed sequentially during 10 days of non-treatment status.

Antitumor immune responses
--------------------------

After the mice were sacrificed, the relative immune factors (CD4, CD8, TNF-![](thnov09p2897i016.jpg) and IL-6) were determined by ELISA using the sera of the mice treated with saline, BV\@Au\@PDA/DOX plus laser, and BV/PTX\@Au\@PDA/DOX plus laser. The levels of T memory cells (CD44) were assessed by ELISA using the ocular blood of mice treated with BV\@Au\@PDA/DOX under the laser and BV/PTX\@Au\@PDA/DOX under the laser. The numbers of CD4 and CD8 T cells in tumor cell suspensions were also analyzed using CD4-PE and CD8-APC antibodies by flow cytometry.

Results and Discussion
======================

Synthesis and characterization
------------------------------

The PTX-loaded biomimetic vesicles (BV/PTX) were synthesized by water-oil self-assembly using phospholipid, cholesterol, and PBS. Modification of branched gold nanoshells (BV/PTX\@Au) was realized by the seeded growth method, and the BV/PTX\@Au was coated with DOX-loaded PDA to form BV/PTX\@Au\@PDA/DOX. TEM images of the synthetic process of BV/PTX\@Au\@PDA/DOX are shown in **Figure [1](#F1){ref-type="fig"}**A indicating the hierarchical assembly process of branched gold nanoshells and PDA. Gold nanoparticles combined with the BV/PTX via the Au-S bond and grew continuously to shape the gold nanoshells. The discrepancy of crystal lattice energy on the surface of gold nanoshells during the process of gold growth led to the formulation of branched gold nanoshells. The structure had a better photothermal effect compared with plain gold nanoshells. Subsequently, DOX-loaded PDA was firmly adhered on the surface of BV/PTX\@Au. Energy Dispersive Spectrometer (EDS) analysis (**Figure [1](#F1){ref-type="fig"}**B) was applied to investigate the component elements of the BV/PTX\@Au\@PDA/DOX which indicated the successful modification of branched gold nanoshells (element Au) and DOX-loaded PDA (element O). UV-vis spectra exhibited that BV/PTX\@Au\@PDA/DOX was highly absorptive in the NIR window (650 \~ 900 nm) resulting in the excellent photothermal conversion effect. Furthermore, the characteristic absorption peak of 490 nm of BV/PTX\@Au\@PDA/DOX showed the successful loading of DOX (**Figure [1](#F1){ref-type="fig"}**C). The photographs of formulations in UV-vis spectra are presented in Figure [S1](#SM0){ref-type="supplementary-material"}. According to the XRD analysis (Figure [S2](#SM0){ref-type="supplementary-material"}), the diffraction peak positions of BV/PTX\@Au could be attributed to (111), (220), (200), (222) and (311) planes of Au. It provided further evidence that the BV/PTX had been coated by branched gold nanoshells and their thickness calculated according to the Debye-Scherrer formula [@B32] was approximately 13 nm. The conjugation of the synthetic products was confirmed using the FTIR spectra and is shown in Figure [S3](#SM0){ref-type="supplementary-material"}. The staple properties of GSH were stretching vibration of N-H at 3351 cm^-1^ and 3253 cm^-1^. The typical peak of the GSH at 2526 cm^-1^ was from the thiol groups (-SH). However, the characteristic peak of -SH vanished entirely in the spectra of the BV/PTX\@Au and BV/PTX\@Au\@PDA/DOX which was caused by the form of an Au-S bond between branched gold nanoshells and -SH. The results indicated that branched gold nanoshells coated on the surface of BV/PTX. **Figures [1](#F1){ref-type="fig"}**D & E display the size distribution and zeta potentials of BV/PTX\@Au\@PDA/DOX, respectively. The average size of BV/PTX and the BV/PTX\@Au\@PDA/DOX were 130.5![](thnov09p2897i017.jpg)2.5 nm and 158.2![](thnov09p2897i018.jpg)3.6 nm (PDI=0.214), respectively (PDI=0.198, Figure [S4](#SM0){ref-type="supplementary-material"}). Zeta potential of BV/PTX\@Au\@PDA/DOX was -18.5![](thnov09p2897i019.jpg)2.3 mV, which indicated better stability in the body compared with electropositive nanocarriers. Additionally, the loading efficiencies of PTX and DOX in the BV/PTX\@Au\@PDA/DOX were about 90.6% and 13.7%, respectively, which were measured by UV-vis method. The coating efficiency of gold measured by ICP-MS was about 16.2%.

Drug release
------------

The release behavior of the anticancer drug, DOX, from BV/PTX\@Au\@PDA/DOX was studied under the imitated physiological environment of body fluids (PBS pH 7.4) and lysosomes (pH 5.5). The release amount of DOX was determined by UV-vis spectra. The drug release of BV/PTX\@Au\@PDA/DOX was pH dependent**(Figure [2](#F2){ref-type="fig"}**A), and DOX release was rapid at pH 5.5 with the accumulated release of 80.45![](thnov09p2897i021.jpg)2.97% in 24 hours. This rapid release could be due to the protonation and disintegration of PDA. In contrast, at pH 7.4, the release of DOX after 24 hours was less than 40.18![](thnov09p2897i022.jpg)3.59%. We speculated that the minor release of DOX at pH 7.4 was caused by the excellent stability of PDA at neutral or alkaline conditions. The addition of 10% fetal bovine serum (FBS) did not affect the release of DOX and showed the potential performance of drug release *in vitro* (Figure [S5](#SM0){ref-type="supplementary-material"}). The PTX release in free PTX and BV/PTX\@Au\@PDA/DOX groups was also studied (Figure [S6](#SM0){ref-type="supplementary-material"}) which indicated the low leakage of PTX from BV/PTX\@Au\@PDA/DOX without laser irradiation. After NIR laser irradiation to execute second-step photothermal therapy, the branched gold nanoshells and BVs collapsed and released PTX thus performing the third-step chemotherapy to induce the immune responses. The release of PTX was investigated by monitoring the PTX absorbance at 227 nm using UV-vis spectra. The BV/PTX\@Au\@PDA/DOX solution was irradiated twice under NIR laser for 5 min (1.5 W cm^-2^) at different irradiation time points indicating that PTX release was accelerated under laser irradiation (**Figure [2](#F2){ref-type="fig"}**B). After two cycles of laser irradiation (point in time: 1^st^ and 4^th^ hour), the release percentage of PTX reached 80.63![](thnov09p2897i023.jpg)1.36% after 24 hours which was much higher than that of BV/PTX (61.43![](thnov09p2897i024.jpg)2.12%) under the same condition. TEM images showed the collapsed process of the branched gold nanoshells and BV/PTX **(Figure [2](#F2){ref-type="fig"}**C). These data indicated the effective drug release of DOX at pH 5.5 and PTX under laser irradiation.

Photothermal performance
------------------------

Inspired by the high absorption of BV/PTX\@Au\@PDA/DOX in the NIR region, we further studied the photothermal performance. As shown in **Figure [2](#F2){ref-type="fig"}**D, the temperature of BV/PTX\@Au\@PDA/DOX under 808 nm laser irradiation (1.5 W cm^-2^) for 2 min could rapidly reach 55.0![](thnov09p2897i025.jpg), and after 7.5 min increased to 86.5![](thnov09p2897i026.jpg). Also, the temperature of BV/PTX\@Au\@PDA/DOX increased with the increase in power density from 0.5 to 1.5 W cm^-2^ (**Figure [2](#F2){ref-type="fig"}**E). Comparatively, a small temperature change (![](thnov09p2897i027.jpg)T = 3.0![](thnov09p2897i028.jpg)) was observed for BV/PTX under the same conditions. We further studied the heating and cooling curves of the BV/PTX\@Au\@PDA/DOX (Figure [S7](#SM0){ref-type="supplementary-material"}a, b) to obtain the photothermal conversion efficiency of 43.6%, which was much higher than that of gold nanoshells-coated liposomes in our previous study (25.5%) [@B33]. The superior photothermal conversion efficiency of the BV/PTX\@Au\@PDA/DOX was attributed to the integration of branched gold nanoshells with PDA which was also visually displayed by the real-time infrared thermal imaging (**Figure [2](#F2){ref-type="fig"}**F).

Stability study
---------------

Stability is one of the significant factors for therapeutic effects, and the encapsulation efficiency is considered as the key criterion to evaluate colloidal stability [@B34]. In this study, the BV/PTX\@Au\@PDA/DOX was stored at 4![](thnov09p2897i029.jpg) for a period of 0, 5, 10, and 15 days. The reduced encapsulation efficiencies of PTX (Figure [S8](#SM0){ref-type="supplementary-material"}a) and DOX (Figure [S8](#SM0){ref-type="supplementary-material"}b) in BV/PTX\@Au\@PDA/DOX at 4![](thnov09p2897i030.jpg) were only 8% and 9%, respectively. These results directly validated the structural integrity and stability of BV/PTX\@Au\@PDA/DOX. Furthermore, the size distribution and zeta potential changes of the BV/PTX\@Au\@PDA/DOX were studied after 15 days of storage at 4![](thnov09p2897i031.jpg)as well. As shown in Figure [S8](#SM0){ref-type="supplementary-material"}c, the size distribution decreased from 158.2![](thnov09p2897i032.jpg)2.3 nm to 146.3![](thnov09p2897i033.jpg)4.7 nm and the zeta potential decreased from -18.5![](thnov09p2897i034.jpg)2.0 mV to -25.2![](thnov09p2897i035.jpg)4.3 mV (Figure [S8](#SM0){ref-type="supplementary-material"}d). We reasoned that the decrease of size distribution might be due to the falling off of PDA from the nanocarriers. Also, the continuous polymerization of the PDA in 15 days led to a decrease in zeta potential. The TEM images showing the morphologies of BV/PTX\@Au\@PDA/DOX before (Figure [S8](#SM0){ref-type="supplementary-material"}e) and after storage at 4![](thnov09p2897i036.jpg) for 15 days are displayed in Figure [S8](#SM0){ref-type="supplementary-material"}f. Overall, the results suggested that BV/PTX\@Au\@PDA/DOX exhibited good stability for a long time.

Cellular uptake and cytotoxicity*in vitro*
------------------------------------------

To investigate the cellular uptake of the BV/PTX\@Au\@PDA/DOX, PTX was replaced by coumarin 6 (Cour6). Due to the fluorescence of Cour6 and DOX, the cellular uptake of inside BVs and outside PDA could be displayed precisely. HeLa cells were treated with BV/Cour6\@Au\@PDA/DOX for 24 hours, and flow cytometry was used to quantify the cellular uptake. The flow cytometry images of DOX (**Figure [3](#F3){ref-type="fig"}**A) and Cour6 (**Figure [3](#F3){ref-type="fig"}**B) of BV/Cour6\@Au\@PDA/DOX group were obtained compared to the control group. As shown in **Figure [3](#F3){ref-type="fig"}**G, the nuclei of HeLa cells were stained by Hoechst, and the DOX and Cour6 loaded on PDA and BVs, respectively, were present in the cytoplasm of HeLa cells indicating that the nanoparticles were taken up by the cells.

Following the uptake of BV/PTX\@Au\@PDA/DOX by HeLa cells for 24 hours, the cascade therapeutic effect *in vitro* was studied. Culture medium was removed, and the cells were washed by PBS for three times. Subsequently, the cells were irradiated with an 808 nm laser (1.5 W cm^-2^). Cell viability was determined using the MTT assay. With the increase in the concentration of PTX and DOX, the cell viability decreased with or without laser irradiation; free drugs were used as controls (**Figure [3](#F3){ref-type="fig"}**D, E). The cytotoxicity of all the formulations (1: control, 2: BV/PTX, 3: BV/PTX\@Au, 4: BV/PTX\@Au with laser irradiation, 5: BV\@Au\@PDA/DOX, 6: BV\@Au\@PDA/DOX with laser irradiation, 7: BV/PTX\@Au\@PDA/DOX and 8: BV/PTX\@Au\@PDA/DOX with laser irradiation) is shown in **Figure [3](#F3){ref-type="fig"}**F, the BV/PTX\@Au\@PDA/DOX with laser irradiation exhibited the highest antitumor efficacy (8.73![](thnov09p2897i037.jpg)2.08%) *in vitro*. **Figure [3](#F3){ref-type="fig"}**C shows that 12 hours post-laser irradiation, the viabilities of BV\@Au\@PDA/DOX and BV/PTX\@Au\@PDA/DOX-treated cells were 23.15![](thnov09p2897i038.jpg)3.81% and 8.73![](thnov09p2897i039.jpg)2.08%, respectively. By prolonging the culture time, the viability of BV\@Au\@PDA/DOX-treated cells recovered from 23.15% (12 h) to 60.36% (48 h). On the contrary, the BV/PTX\@Au\@PDA/DOX-treated cells remained only about 20% viable. These results indicated that BV/PTX\@Au\@PDA/DOX could decrease cell viability by the third-step of PTX chemotherapy. To further evaluate the efficacy of the prepared nanomedicine, fluorescein diacetate (FDA) and propidium iodide (PI) were utilized to differentiate between the live or dead cells. The inverted fluorescence microscope images of the stained BV/PTX\@Au\@PDA/DOX-treated cells exhibited that the death of HeLa cells occurred after the laser irradiation indicating the excellent antitumor efficacy of cascade cancer therapy of the nanoparticles *in vitro* (**Figure [3](#F3){ref-type="fig"}**H). Additionally, the IC50 values of free drugs (DOX and PTX), BV/PTX\@Au and BV/PTX\@Au\@PDA/DOX without and with laser irradiation were determined and shown in Figure [S9](#SM0){ref-type="supplementary-material"}, S10, and Table [S1](#SM0){ref-type="supplementary-material"} and Table [S2](#SM0){ref-type="supplementary-material"}. The BV/PTX\@Au\@PDA/DOX with laser showed minimal IC50 values (0.97 ![](thnov09p2897i040.jpg)g/mL of PTX and 0.58 ![](thnov09p2897i041.jpg)g/mL of DOX after 24 hours of incubation) compared with other tested groups. Therefore, the prepared BV/PTX\@Au\@PDA/DOX with laser exhibited the best antitumor efficacy compared with the other formulations which apparently resulted from the cascade therapeutic effect of chemotherapy (PTX and DOX) and PTT (Au and PDA). Furthermore, the incubation time (24, 48, and 72 hours) made no difference in the cellular uptake and cytotoxic activity of drugs, which showed similar IC50 values in all tested formulations with different incubation times.

Cascade therapy efficacy *in vivo*
----------------------------------

To examine the second-step photothermal effect of the BV/PTX\@Au\@PDA/DOX *in vivo*, we used the infrared thermal images to display the change of temperature. As shown in **Figure** 4A & B, after 2 min of the laser irradiation, the tumor cells treated with BV/PTX\@Au\@PDA/DOX showed a high temperature of 62![](thnov09p2897i046.jpg) which generated enough heat to kill tumor cells due to their lower tolerance of heat compared with normal cells [@B35]. The saline-treated control mice showed no apparent temperature rise (30![](thnov09p2897i047.jpg)). Moreover, the antitumor efficacy of all formulations was investigated *in vivo,* and the volumes of tumors were monitored (**Figure [4](#F4){ref-type="fig"}**C). The tumor volume of the mice in the control group (saline) rose rapidly about 25 times. On the contrary, after 10 days of treatment, the tumors were eliminated in the BV/PTX\@Au\@PDA group under laser irradiation (**Figure [4](#F4){ref-type="fig"}**D) with no obvious tumor. The biodistribution of BV/PTX\@Au\@PDA/DOX was also investigated. Major organs and tumors were excised at different time points (8 hours, 24 hours, and 10 days) after intratumor injection of the nanoparticles and Au accumulation was measured by ICP-MS (**Figure [4](#F4){ref-type="fig"}**E). The accumulation of BV/PTX\@Au\@PDA/DOX nanoparticles was highest in tumor sites after 8 hours. and the amount of Au was \~52% ID/g. Au was also found in the liver and spleen at 24 hour and then cleared from the body after 10 days which indicated the safety of the BV/PTX\@Au\@PDA/DOX.

We investigated the efficacy of chemotherapy and immune responses of cells treated with BV/PTX\@Au\@PDA/DOX nanoparticles. First, the experiment was carried out for 10 days without the PTX, which functioned as an antitumor drug and immunologic adjuvant to inhibit the tumor recurrence. **Figure [4](#F4){ref-type="fig"}**F & G show that after treatment with BV\@Au\@PDA/DOX without PTX and laser irradiation, the tumors relapsed about 20 times higher during the next 10 days. The results indicated that the synergistic photothermal and chemotherapy could not inhibit the tumor recurrence efficiently. On the other hand, after treatment with BV/PTX\@Au\@PDA/DOX and laser irradiation, the tumors relapsed about 1.5 times during the 10 days. To understand the reason for tumor recurrence, the expression of CD44 of the T memory cells in BV\@Au\@PDA/DOX and BV/PTX\@Au\@PDA/DOX groups with laser irradiation was measured by FCM before and after the first treatment. The BV/PTX\@Au\@PDA/DOX with laser irradiation group showed high expression of CD44 compared with other groups suggesting that the high number of T memory cells triggered in the immune responses by PTX (Figure [S11](#SM0){ref-type="supplementary-material"}). Overall, the low recurrence confirmed that the third-step release of PTX could lead to better chemotherapy and systematic immune responses thus enhancing the antitumor efficacy.

Biosafety study
---------------

The biosafety of our prepared nanomedicine was investigated. As shown in Figure [S12](#SM0){ref-type="supplementary-material"}, the treatment with all formulations did not show any weight loss in mice. To investigate the possible toxicology of the nanomedicine, the indexes of blood chemistry including ALT, AST, ALP, ALB, and TP for liver function and BUN for kidney function were examined. There was no obvious change in ALT, AST, BUN, ALP, ALB, and TP between the saline control and BV/PTX\@Au\@PDA/DOX with laser irradiation groups (**Figure [5](#F5){ref-type="fig"}**A) confirming the excellent biosafety of prepared nanomedicine *in vivo* [@B36]. Furthermore, relative to control groups, the BV/PTX\@Au\@PDA/DOX plus laser group showed tumor necrosis, and no organ injury or inflammatory lesions were found in all major organs by hematoxylin and eosin (H&E) staining (**Figure [5](#F5){ref-type="fig"}**B). Overall, BV/PTX\@Au\@PDA/DOX was adequate for effective cascade therapy with no biological toxicity.

Antitumor immune responses
--------------------------

**Figure [6](#F6){ref-type="fig"}**C displays the schematic illustration of the underlying mechanisms for immune responses triggered by PTX, which, as a traditional drug, could kill the tumor cells directly. Furthermore, PTX presented the antigens to dendritic cells and could also bind with the toll-like receptor on the surface of dendritic cells [@B37]. These two routes promoted the maturation of dendritic cells, which promoted CD4, CD8 T, and cytotoxicity T lymphocyte (CTL) capable of killing the residual tumors. To evaluate the effect of the immune responses triggered by PTX, CD4 and CD8 T cells in *vivo* were analyzed. As shown in **Figure [6](#F6){ref-type="fig"}**A, the BV/PTX\@Au\@PDA/DOX with laser treatment group showed a decrease in CD4 T cells and an increase in CD8 T cells compared with the BV\@Au\@PDA/DOX with laser treatment group. CD4 T cells were reported to be regulatory T cells, which are capable of hampering effective antitumor immune responses [@B38], and the increase in CD8 T cells could kill the tumors efficiently. We also analyzed the main components of the immune system such as CD4, CD8, TNF-![](thnov09p2897i051.jpg), and IL-6 by ELISA (**Figure [6](#F6){ref-type="fig"}**B). The serum concentration of CD4 in mice treated with BV/PTX\@Au\@PDA/DOX plus laser decreased compared with saline and BV\@Au\@PDA/DOX with laser groups. Moreover, the serum concentrations of CD8, TNF-![](thnov09p2897i052.jpg), and IL-6 in BV\@Au\@PDA/DOX group were lower than those in the saline group which indicated that the chemo-photothermal synergistic therapy might damage the immune systems. Nevertheless, the serum concentrations of CD8, TNF-![](thnov09p2897i053.jpg), and IL-6 in BV/PTX\@Au\@PDA/DOX mice were higher than the saline and BV\@Au\@PDA/DOX-treated mice. These results suggested that PTX could stimulate immune responses to inhibit tumor growth. Furthermore, PTX stimulated the natural killer cells (NK cells) [@B39] and macrophages and inhibited the Treg cells, which led to the enhanced immune response to kill tumors and inhibit tumor recurrence through diverse immune regulatory pathways.

Conclusion
==========

A novel nanoplatform based on hierarchical drug release for deep localized (PTT) and systematic (chemo and immune responses) cascade cancer therapy was designed which showed excellent antitumor efficacy and inhibition of tumor recurrence. The BVs and PDA as drug carriers showed good biocompatibility, stability, and light/pH-triggered drug release. When the nanomedicine was taken up by tumor cells, DOX was released from PDA in the specific acidic microenvironment of lysosomes (pH 5.5) to realize first-step chemotherapy. Subsequently, second-step photothermal therapy occurred because of NIR laser irradiation of the branched gold nanoshells. The heat generated by the photothermal therapy promoted circulation and delivery of the drug simultaneously resulting in the collapse of branched gold nanoshells and PTX release from BVs. Finally, to finish the third-step, PTX eradicated the residual tumor and stimulated immune responses. This hierarchical drug release consisting of cascade therapeutic modalities overcame the problems of poor penetration and uncontrollable tumor recurrence in conventional synergistic therapy. Consequently, the combination of localized and systematic cascade cancer therapy demonstrated enhanced therapeutic efficacy and inhibition of tumor recurrence. We believe that the novel approach of hierarchical drug release and cascade cancer therapeutic modality exemplifies a promising strategy and would accelerate further advancements in the field of oncology.
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![Schematic diagram of the synthetic route of BV/PTX\@Au\@PDA/DOX nanoparticle (top) and the hierarchical drug release process (bottom) of pH-activated and NIR-triggered localized/systematic cascade cancer therapy in tumor-bearing mice.](thnov09p2897g001){#SC1}

![**(A)** TEM images of the products in the synthetic route: **(i)** BV/PTX, **(ii)** BV/PTX\@AuNPs, **(iii)** BV/PTX\@Au and **(iv)**BV/PTX\@Au\@PDA/DOX. **(B)** EDS of the BV/PTX\@Au\@PDA/DOX nanoparticles. **(C)** UV-vis absorption spectra of DOX, PDA, BV/PTX**,** BV/PTX\@AuNPs, BV/PTX\@Au, BV/PTX\@Au\@PDA and BV/PTX\@Au\@PDA/DOX.**(D)** Size distribution of BV/PTX\@Au\@PDA/DOX. **(E)** Zeta potentials of BV/PTX, BV/PTX\@AuNPs, BV/PTX\@Au, BV/PTX\@Au\@PDA and BV/PTX\@Au\@PDA/DOX.](thnov09p2897g002){#F1}

![**(A)** DOX release from BV/PTX\@Au\@PDA/DOX at different pH (7.4 and 5.5) values as a function of cumulative time. **(B)** Accumulative PTX release from BV/PTX and BV/PTX\@Au\@PDA/DOX with laser irradiation for 5 min at the indicated time (Red arrows indicate the two points of laser irradiation). **(C)** TEM images of the collapse of BV/PTX\@Au\@PDA/DOX with (i) non-irradiation, (ii) irradiation once and (iii) irradiation twice. Data were expressed as mean ![](thnov09p2897i020.jpg) S.E. (*n* = 3). Temperature elevation profiles of **(D)** BV/PTX, BV/PTX\@AuNPs, BV/PTX\@Au and BV/PTX\@Au\@PDA/DOX under laser irradiation for 450 s and **(E)** BV/PTX\@Au\@PDA/DOX under laser irradiation with different power densities (0.5, 1.0 and 1.5 W cm^-2^). **(F)** Infrared thermal images of BV/PTX\@Au\@PDA/DOX in a tube with laser irradiation. Unless otherwise noted, an 808 nm laser was used at a power density of 1.5 W cm^-2^.](thnov09p2897g003){#F2}

![**(A)** DOX and **(B)** Cour6 uptake after treatment with BV/Cour6\@Au\@PDA/DOX by FCM analysis of HeLa cells. Cell viability of HeLa cells incubated with **(C)** different incubation time of BV\@Au\@PDA/DOX and BV/PTX\@Au\@PDA/DOX, **(D)** and **(E)** different concentrations of PTX and DOX treated with free drug and BV/PTX\@Au\@PDA/DOX without and with laser irradiation (\*P \< 0.05, \*\*P \< 0.01 compared with free drug group).**(F)** Cell viability of HeLa cells incubated with different groups 1: control, 2: BV/PTX, 3: BV/PTX\@Au, 4: BV/PTX\@Au with laser irradiation, 5: BV\@Au\@PDA/DOX, 6: BV\@Au\@PDA/DOX with laser irradiation, 7: BV/PTX\@Au\@PDA/DOX and 8: BV/PTX\@Au\@PDA/DOX with laser irradiation. (\*P \< 0.05, \*\*P \< 0.01, \*\*\*P\<0.001 compared with control group). **(G)** Representative fluorescence images of HeLa cells internalization of BV/Cour6\@Au\@PDA/DOX after incubation for 24 hours. Cell nucleus was stained in blue (Hoechst), DOX was displayed in red and Cour6 was shown in green (Scale bar: 20 ![](thnov09p2897i042.jpg)m). **(H)** Fluorescence micrographs of HeLa cells treated with different formulations (stained by FDA/PI, green for live and red for dead, Scale bar: 100 ![](thnov09p2897i043.jpg)m). The data are presented as the mean ![](thnov09p2897i044.jpg) S.E. (*n* = 3)](thnov09p2897g004){#F3}

![**(A)** Photothermal heating curves and **(B)** infrared thermal images in the tumor region of tumor-bearing mice treated with saline and BV/PTX\@Au\@PDA/DOX followed by laser irradiation (1.5 W cm^-2^ for 2 min). **(C)** Tumor growth profiles in different groups of the mice after various treatments. **(D)** Representative photographs of tumor-bearing mice and tumors after 10 days of treatments. Group 1: saline, 2: BV/PTX, 3: BV/PTX\@Au, 4: BV/PTX\@Au with laser irradiation, 5: BV\@Au\@PDA/DOX, 6: BV\@Au\@PDA/DOX with laser irradiation, 7: BV/PTX\@Au\@PDA/DOX and 8: BV/PTX\@Au\@PDA/DOX with laser irradiation. (\*P \< 0.05, \*\*P \< 0.01, \*\*\*P\<0.001 compared with saline group). **(E)** Biodistribution of BV/PTX\@Au\@PDA/DOX in mice at different times after the intratumor injection. The accumulation of BV/PTX\@Au\@PDA/DOX in tissues was confirmed by measuring the Au content in the major organs and tumor tissues *via* ICP-MS. **(F)** Tumor growth curve of the next 10 days without treatment (treated with BV\@Au\@PDA/DOX and BV/PTX\@Au\@PDA/DOX with laser irradiation in previous 10 days). (\*\*P \< 0.01). **(G)** Representative photographs of tumor-bearing mice and tumors with treatments of BV\@Au\@PDA/DOX and BV/PTX\@Au\@PDA/DOX under laser irradiation and next 10 days without treatment. The data are presented as the mean ![](thnov09p2897i045.jpg) S.E. (*n* = 6).](thnov09p2897g005){#F4}

![**(A)** Serum biochemistry data of BUN, AST, ALT, ALP, ALB and TP treated with saline and BV/PTX\@Au\@PDA/DOX with laser irradiation. **(B)** Histological H&E staining for major organs (heart, liver, spleen, lung and kidney) and tumors from the mice treated with saline and BV/PTX\@Au\@PDA/DOX with laser irradiation (Scale bars: 50 ![](thnov09p2897i048.jpg)m).](thnov09p2897g006){#F5}

![**(A)** Quantification of CD4 and CD8 T cells in tumors treated with BV\@Au\@PDA/DOX with laser irradiation and BV/PTX\@Au\@PDA/DOX with laser irradiation by FCM analysis. **(B)** Serum immune factors (CD4, CD8, TNF-![](thnov09p2897i049.jpg) and IL-6) of saline, BV\@Au\@PDA/DOX under laser irradiation and BV/PTX\@Au\@PDA/DOX under laser irradiation. The data are presented as the mean ![](thnov09p2897i050.jpg) S.E. (*n* = 6). (\*P \< 0.05, \*\*P \< 0.01 compared with saline group).**(C)** Schematic illustration of antitumor immune responses triggered by PTX.](thnov09p2897g007){#F6}
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